A new fatigue life prediction model is developed for composite laminates based on both infrared thermographic data and stiffness degradation process. The fatigue limit is firstly determined by the improved thermographic method and then a two-parameter function is proposed to describe the normalized stiffness degradation of specimens subjected to various maximum loading stresses. These two parameters can be calibrated by the stiffness degradation data and stabilized temperature data. Thereafter, the calibrated model can be used to predict S-N curve. The proposed model is applied the experimental data from literature and the results show that the predicted S-N curve has a well agreement with the experimental one.
Introduction
Fatigue property of composite laminates receives more and more concerns since they are usually used in aerospace, automotive and marine load-bearing components. Investigating the fatigue performance f composite laminates by traditional methods is a costly and time-consuming process. Moreover, due to the rich diversity (different orientations, fiber ratio, nature of fibers and matrix, etc.) in composite laminates, rapid evaluation of their fatigue property is of great significance for choosing proper structure of laminates in component designing.
It is a common phenomenon that the plastic deformation of the material is accompanied by the generation of a large amount of heat. This inspires researchers to measure temperature change as an effective approach of studying fatigue behavior. With appearance of highspeed, high-resolution infrared thermography (IRT), the slight change of temperature during fatigue, which is due to the thermal-elastic-plastic effect, can be detected. Based on IRT data analysis, many criteria have been developed to rapidly determine fatigue limit and obtain S-N curves for metallic alloys [1] [2] [3] [4] [5] [6] [7] . However, those criteria may not be accurate any more for composite laminates because damage and failure mechanisms are different and more complicated (compared to metallic materials).
Unlike metals, the damage mechanism in composite laminates under cyclic loading usually includes matrix cracking, delamination and fiber breakage etc. In general, there are three distinctive damage stages during the damage accumulation process in composite laminates under fatigue loading [8] : matrix cracking and interface debonding (I), delamination (II), delamination growth and localized fiber breakage (III). Since the stage III corresponding to final fracture stage is short-period where unstable fracture occurs, the first two stages are usually used to estimate the residual life of laminates. It is well known that the stiffness degradation in fatigue loaded specimen has also three stages due to material damage [9] , thus some of the damage accumulation model was developed based on stiffness degradation in the reference [10] .
In the present paper, a new fatigue life prediction model by combining infrared thermographic data and damage accumulation process is developed. By applying the improved thermographic method which is recently proposed, the fatigue limit can be easily and rapidly obtained. This work tries to give an answer to the question: how to quickly determine fatigue resistance in term of S-N curve by using thermographic method? Herein, curve fitting method is used to estimate the value of threshold of stiffness under the load corresponding to fatigue limit. After that, damage evolution curves under different maximum loading stresses can be calculated. Then, a two-parameter damage accumulation model is proposed to characterize the damage evolution curves. One parameter characterizes the influence of temperature rising on damage accumulation speed and the other one is used to regulate amplitude of function. After parameter calibration with the experimental stiffness degradation and IRT data, the model can be used to predict S-N curve.
IRT technique foundation
Generally, fatigue behavior can be considered as an irreversible process of mechanical property degradation (ii) a physical separation of the material, such as cracks, cavitations, etc. Both of those two approaches will cause heat release which is called intrinsic dissipation. By using infrared thermographic camera, the variation of temperature can be measured with high precision. A local heat conduction equation [12] [13] [14] can be employed here to explain the mechanism above:
(1) where, , C, T, h are mass density, heat capacity, temperature and heat conduction coefficient, respectively. The first term ̇o n the left side is the heat storage rate characterized by temperature change, and the second left-hand term −div( grad ) characterizes heat loss rate induced by conduction. The term group on the right side represents the different heat sources:
denotes the intrinsic dissipation source; the is the thermoelastic source; sic describes the heat source induced by the coupling effect between internal variables and temperature; and denotes the external heat supply. When components or specimens are under homogeneous uniaxial loading, we can have the following hypothesis: (1) Parameters , C, h are material constants and independent of the internal states. (2) Thermoelastic source the only causes small fluctuations of temperature but does not contribute to mean temperature rising [15] . (3) Internal coupling source between internal variables and temperature, sic, can be neglected [16] . (4) External heat supply re is time-independent and can be removed by using reference specimen placed nearby. Based on the hypothesis above, the intrinsic energy dissipation can be identified as the main contributor to the total heat generated. Particularly, as can be seen from Eq. (1), if remains unchanged, with the increase of temperature, the heat loss rate, −div(ℎgrad ), will also increase. It can be deduced that when temperature T reaches a certain value, there will be a balance between heat loss and intrinsic energy dissipation. In this situation, the heat storage ratėequals to zero, so that T will remain stable. This conclusion has been proved by a number of experiments (with constant stress ratios) in the previous works [14, [17] [18] [19] [20] . As shown in Fig. 1 , there are three phases from the beginning of test to the final breakage of specimen. The temperature increases from initial value (room temperature) in phase I, then remains stable for the longest period in phase II and finally experiences a sharp increase just prior to the final breakage in phase III. Thus, it can be derived that keeps unchanged in phase II, which indicates that the damage accumulation rate is stable in this phase. If different loading stresses are applied, different stabilized temperature rising ∆ stab will be obtained. Thus, the relationship of ∆ stab and maximum applied loading stress can be plotted, as shown in Fig. 1 . Based on this, two straight lines are used to characterize the relationship and the intersection can be considered as fatigue limit [11, 21] . Fig. 1 . Typical temperature evolution during fatigue test.
Stiffness degradation model
As known from literature, the main stiffness degradation process observed in composites laminates under fatigue loading can also be divided into three main stages [8, 10] , as shown in Fig. 2 . In stage 1, the normalized stiffness decreases rapidly with micro cracks initiation in the first few cycles and some fibers with low strength may break during this stage. Then the normalized stiffness experiences a slow and steady reduction mainly due to delamination and matrix crack propagation in stage 2. Prior to final breakage, the normalized stiffness drops down dramatically with a mass of fibers failure in stage 3. It is commonly known that stage 3 are shortperiod and unstable so that the first two stages are usually used to estimate the residual life of laminates. Similar as the temperature evolution curves, the stage 2 with stable damage growth accounts for the most parts of the total cycle numbers. Therefore, we speculate that there is a certain relationship between ∆ stab and the normalized stiffness degradation rate.
Fig. 2.
Typical temperature evolution during fatigue test [9] .
In order to propose a practical stiffness degradation model, two reasonable simplifications are made here. Firstly, only stage 1 and stage 2 are taken into account because stage 3 is short-period, unstable and difficult to capture [22, 23] . Secondly, for given composite laminates with same stacking sequence, ply orientation, geometry and fabrication process, if they are subjected to cyclic loading with fixed loading frequency and loading stress ratio, the critical values of normalized failure threshold stiffness can be considered to be independence of the maximum loading stress level. This has been proved by previous experimental work [9] . Thereafter, the normalized stiffness degradation model is proposed as:
(2) where p and q are two constant parameters which need to be calibrated by experimental data. It will be introduced in details in Section 4. The term 1/ characterizes the shape of normalized stiffness with the increase cyclic number during stage 1 and stage 2. ∆ stab is used to describe the general degradation speed, which is related to damage accumulation rate. In the proposed model, the normalized stiffness ( ) starts from 1, decreases sharply and then becomes stable when cyclic number gets larger, which is similar as experimental normalized stiffness evolution. For Eq. (2), if cycle number is replaced by the final failure cycle number , we can obtain:
As can be observed from Eq. (3), for different stabilized temperatures we can obtain different failure cycle number . And the different stabilized temperatures is depended on different maximum loading stress, as shown in Fig. 1 . Thus, the new proposed model can predict the whole S-N curve.
Results and discussion
The experimental data used in the present paper is taken from [18] , where both IRT and stiffness degradation data are available, as shown in Fig. 3 and Fig. 4.   Fig. 3 . Experimental IRT data taken from [18] . (UTS:
Ultimate Tension Stress) Fig. 4 . Experimental normalized stiffness degradation data taken from [18] .
The material tested in [18] is carbon fiber reinforced composite plate which is made from triaxially braided carbon fiber (T650/35-6 K) fabric with 0º/±θ braid orientation and thermosetting polyamide resin. The parameter calibration procedure and results are listed as below: (1) Determine fatigue limit. The improved thermographic methods in article [15] were firstly applied. There are three different improved graphic methods and we chose Method 2 and Method 3 here because for the IRT data in [18] , the values of fatigue limit determined by Method 1 and Method 3 are the same, while Method 3 has a relative larger application scope. The fatigue limit was determined as 58% UTS by Method 2 and 67% UTS by Method 3, as shown in Fig. 5 and Fig. 6 , respectively. The stabilized temperature rising corresponding to fatigue limit (∆ stab_fl ) is also determined as 4.7 ℃ and 6.3 ℃, which will be used to determine normalized failure threshold stiffness . (2) Determine the values of parameters p and q. According to experimental normalized stiffness degradation data in Fig. 4 , there are five different stiffness degradation curves. For each curve, 20 points were sampled, so a total of 100 points are used for fitting. Similarly, Eq. (2) is used to fit the data (3D surface fitting in MATLAB Toolbox) and the values of parameters p and q can be calibrated. The fitting results are shown in Fig. 7 , and the values of p and q are determined as 0.001042 and 2.035, respectively. (5) where the first term on right side is used to describe temperature response under high loading stress amplitude, and the second term on the right side is used to represent temperature rising under low loading stress amplitude. a, b, c are three parameters of interpolation to be determined. a is used to regulate the amplitude of exponential function, b is used to adjust axis range, and c is used to describe the amplitude of temperature rising in low stress cases. By combining Eq. (3) and Eq. (5), we have: (6) By applying Eq. (6), the S-N curve can be predicted, as shown in Fig. 8 . As can been seen in Fig. 8 , for triaxially braided CFRP laminates, the predicted curves corresponding to fl = 10 7 and fl = 10 6 are both lower than the experimental curve. The results indicate that although the S-N curve predicted by model relative to fl = 10 6 is very conservative and safe, the error between predicted result and experimental result is too large. So for model based on Method 2, only fl = 10 7 is recommended for engineering applications.
For Method 3, the relationship can be considered as two two-straight-line section function and the expression is given here: (7) where 1 , 1 , 2 and 2 are four coefficients depending on those two straight lines. fl is the value of maximum applied loading stress corresponding to fatigue limit. For engineering applications, we usually just need to know the fatigue life when the maximum loading stress is higher than fatigue limit, so we have (8) By applying Eq. (8), the S-N curve can also be calculated, as shown in Fig. 9 . As can be observed in Fig. 9 , the predicted curve corresponding to fl = 10 7 is overall higher than the experimental curve and the error between predict value and experimental is relatively larger for low fatigue life (less than 10000 cycles). On the contrary, the predicted curve corresponding to fl = 10 6 is lower than the traditional test result. Therefore, due to safety reasons, for model based on Method 3, fl = 10 6 is recommended here for engineering applications because the predicted result is more conservative.
Conclusions
The proposed model combined temperature rising with the stiffness degradation process. It was speculated that the stabilized temperature could reflect the rate of damage accumulation. To the authors' knowledge it is the first time both IRT and stiffness degradation data are taken into consideration to predicted fatigue behaviour of composites. A two-parameter model was developed to characterize stiffness degradation process. These two parameters were then calibrated by 3-D surface fitting method. Experimental validation shows that the new proposed model can predicted curves with good accuracy. The whole determination process takes about 10-12 hours, which is much faster than traditional fatigue test method. To sum up, this paper provides a quick and simple way to evaluate fatigue limit and S-N of composite laminates for engineering applications.
